The objective of this study has been to increase the fracture toughness of multi-layer continuous-filament graphite-epoxy composites. The method used is intermittent interlaminar bonding, which can lead to a large increase in the fracture surface area.
INTRODUCTION
OW FRACTURE TOUGHNESS is a deficiency of high strength high modulus fiber L reinforced composites [1] . One method for alleviating this deficiency in boron-epoxy composites has developed through techniques for altering the characteristics of the filament-matrix interface [2, 3] . However, reducing the interfacial bonding between filament and matrix is a tedious and expensive job, so a more practical technique for increasing fracture toughness, through altering the bonding between layers of prepreg tape, was developed and tested. This paper describes the experimental results of application of these techniques to cross-ply graphite-epoxy composites.
The bond between adjacent layers of a composite made of laid-up prepreg layers is normally controlled The Gurney sector-area method was used to measure the fracture toughness of each specimen [6] . The details of the experimental procedure are described in references [7, 8] . TEST 
RESULTS

Tensile Test Results
Eight-layer angle ply (~/-~/~/-~/~/-~/~/-~) and 8-or 9-layer quasi-isotropic structured laminates, laminates having similar in-plane properties in every direction, and some 3-layer laminates were tested to obtain the elastic modulus and tensile strength of the material. Figure 6 shows that the elastic modulus of the material decreases monotonically as a+~3 increases.
Tensile strength of 8-layer angle-ply laminates is also plotted with respect to the value of (<x-t)3) in Figs. 7 Owing to the edge effect, our experiments suggest that for angle-ply laminates in all except very small lay-up angles, the tensile strength is actually a measure of the interlaminar shear strength. The edge effect is illustrated by Fig. 9 . Here an 8-layer angle-ply tensile specimen with 18% contact and = 15° is shown. No fracture of the filaments is detectable in this picture.
Fracture Toughness Test Results
As a first approximation the value of the sum of a and j8 is used to describe the Fig. 14 
ANALYSIS AND DISCUSSION
Strength
The interlaminar fracture mode exhibited by Fig. 9 is shown in its simplest form for a 2-ply specimen in Fig. 15a . As shown in Fig. 15b the length L times the width w is proportional to the area of the effective contact surface between two adjacent plies. Since L = w cot 0, (w 2 cot</> )/2 is then the nominal interlaminar surface fracture area. Besides the interfacial bonding, the in-plane crack area of a lamina also plays a role in the tensile strength. By assuming the operation of the same mechanism to fracture the bond (either in shear or in tension) we can simplify the situation by considering only the total interlaminar surface fracture area A involved. Figure 9 shows the appearance of simple, complete delamination that can occur without any filament fracture. In real fracture toughness tests, the fracture surface that results in a 2-ply laminate, shown in exaggerated thickness, appears as in Fig.   17 . The average delamination length, Dp, shown in Fig. 10 Fig. 10 show decreasing delamination size as 0 decreases. This is attributed to having a larger delamination tendency when angle ~3 increases. In region B-C, for 18% contact specimens, the raising of the required crack extension force to propagate the gross crack across the filaments as a becomes smaller, in addition to the force for delamination energy, leads to an increase in average pull-out length. In region C-D, the curve drops again, and it may be argued that as a becomes smaller, the energy allocated to delamination in fracturing becomes small compared to the energy allocated to propagate the gross crack across the filaments, and as j3 becomes smaller the delamination area diminishes rapidly so that the average pull-out length becomes very small. This last argument can also be supported by the loaddisplacement plots for the fracture toughness test in which instability, sudden fracture from a high load, always occurs with specimens of small a angle.
There are two major differences between 36% contact interface and 18% contact interface. First is the difference in the interlaminar cracking speeds. In 36% interfacial contact specimens, the delamination speed is slower, or in other words, delamination toughness is higher. Secondly, in 36% interfacial contact specimens, the direct contact between plies is higher than that of tle 18% contact specimens. Thus cracks in 36% contact specimens have more chances to propagate through the thickness of the whole laminate without being blunted by the weak bond regions at the interface. For the aforementioned two reasons, the gross transverse crack is easier to propagate and interlaminar cracks are more difficult to propagate in 36% contact specimens compared to 18% contact specimens in the small a+j3 angle region. Thus the increase in average pull-out length that occurs in 18% contact specimens that is associated with the increase in stress for transverse filament fracture in small a+{3 angle region (the small rise of segment BC in Fig. 10 ) does not occur.
Estimation of Fracture Toughness
The work of fracture associated with the delamination mechanism is an important contribution to the total fracture toughness in a composite material with some delamination in the course of fracture. Assume a laminate composite fracture that has plies pulled out as shown in Fig. 18a . Because the fractured ply tip is free, and the clamping force on the separated layers is negligible close to the end of the lamina, the shear stress associated with the separation of the two halves is only significant when the total delamination size is longer than 2ao. Figure 18b shows a case in which the shear stress is negligible.
Assume the shear stress is highest at the root of the fractured lamina with a magnitude of one-half of the matrix shear strength -um ~ and decays exponentially, Fig. 18a . Since the source of the shear stress is the interlaminar friction, the percentage of bond contact does not affect the magnitude of the total resultant shear force. The shear stress is actually applied on both ends of the lamina. For simplicity, we will consider this situation to be equivalent to one single exponentially decaying shear stress with the highest magnitude of the matrix shear strength Tm ,
where xo is the distance, where Tm is reduced by a factor of 1/e. The energy consumed per unit of apparent (cross-sectional) crack surface is [7] :
The energy needed to create new delamination surfaces, without regard to the above frictional energy, is [7] :
The energy consumed in creating new surfaces is [2, 9] :
The work of fracture for composite laminates with the pull-out/delamination fracture mode is the total sum of the three:
The application of this theory to our graphite/epoxy system has been examined. 
